Abstract. In this paper, two novel automatic-repeat-request (ARQ) based protocols are proposed, which exploit cooperation opportunity inherent in secondary retransmission to create access opportunities. If the signal was not decoded correctly by destination, another user can be acted as a relay to reduce retransmission rounds by relaying the signal. For comparison, we also propose a Direct ARQ Protocol. Specifically, we derive the exact closed-form outage probability of three protocols, which provides an effective means to evaluate the effects of several parameters. Moreover, we propose a new metric to evaluate the performance improvement for cognitive networks. Finally, Monte Carlo simulations were presented to validate the theory analysis, and a comparison is made among the three protocols.
Introduction
Since the 1920s, each wireless communications system has been required to have an exclusive license from government in order to mitigate the interference from each other. Over the past decades, we have witnessed an increasing development and popularity of wireless communications, which has turned the limited spectrum resources into a scarce resource, which consequently imposes increasing stress on the fixed and limited radio spectrum. In practice, recent researches by the Federal Communications Commission (FCC) indicated that the utilization of spectrum is very low varying form 6% to 85%, whereas only 2% of spectrum would be used in the US at any given moment [1] . The inefficient use of the radio spectrum resources under the current fixed policy, as well as the demand for more and better services has contributed to the reconsideration of the way the spectrum is used today and has led to decision of the FCC to allow access of unlicensed users to the broadcast television spectrum at locations where that spectrum is not being used by licensed users [2] .
In order to increase the efficiency of spectrum utilization, diverse types of technologies have been deployed. The key technology towards efficient spectrum usage is Cognitive Radio, which was first introduced by J. Mitola III [3] . Cognitive radio is typically built on the software-defined radio technology, in which the transmitter's operating parameters, such as the frequency range, modulation type, and maximum transmission power can be dynamically adjusted by software [4] - [7] . Cognitive radio allows unlicensed users to access licensed users free from harmful interference. Specifically, the unlicensed (Secondary) users can access the spectrum resources originally licensed to primary users through spectrum overlay, interweave, and underlay ways. In overlay spectrum way, the unlicensed users need allocate a fraction of resources to maintain or improve the transmission of the primary users using sophisticated signal processing and coding. In interweave spectrum way, the unlicensed users share the licensed spectrum when the spectrum is idle, known as spectrum hole. Contrary to overlay and interweave ways, the unlicensed users control their transmit power to satisfy interference power constraint which licensed user can tolerate in underlay way. Due to its simplicity, we focus on underlay spectrum sharing in this paper.
Direct transmission, which demands large transmit power, ends up with small opportunity of access and hence low spectrum sharing efficiency. At the same time, cooperative diversity [8] has emerged as a promising technique to combat fading in wireless communications. Therefore, cognitive radio combined with cooperative diversity technique, referred to as cognitive relay networks (CRNs) [9] - [10] , appears as an attractive solution to boost the spectrum sharing efficiency. In [9] , a linear cooperative sensing frame work has been proposed based on the combination of local statistics from individual cognitive users. A distributed algorithm for channel access and power control was proposed for cognitive multi-hop relays in [10] . In [11] , the authors have considered the application of cooperative diversity to spectrum sensing, and shown that the sensing performance is improved by exploiting the user cooperation. The authors analyzed the delay of a cognitive relay assisted multi-access networks, however, they did not consider the impact of primary user activities and dynamic spectrum-sharing in [12] . Most recently, some studies [13] - [17] focused on the outage performance in cognitive relay networks. The above work in cognitive relay networks has greatly improved our understanding of cognitive relay networks, such as protocol design, outage performance. However, they all have not considered the automatic-repeat-request (ARQ) [18] , [19] technique in cognitive relay networks. To the best of our knowledge, the performance analysis combined cognitive relay networks and ARQ technique is almost unexplored from the analytical point view. As such, we will fill this important gap in this paper. As such, we propose two ARQ protocols in this paper, and a direct ARQ protocol for comparison.
The main contributions of this paper can be summarized as follows. First, we propose two novel ARQ protocols in cognitive relay networks, which can exploit additive transmission opportunities by cooperation with each other. Second, we derived the closed-form outage probability expressions which can provide efficient means to evaluate the effects of several parameters. Finally, we propose a new metric to evaluate the improvement of the two proposed ARQ protocols. The remained of this paper is organized as follows. In Sec. 2, the system model is presented. Followed by Sec. 3, we propose three ARQ protocols and outage probability analysis is presented. Sec. 4 provides some simulation results to validate the theory analysis. Finally, in Sec. 5, some concluding remarks are presented.
System Model
Consider a cognitive radio system with the coexistence of one primary user pair and two secondary user pairs, as depicted in Fig. 1 . In the secondary network, we assume that only one pair secondary user 1 can concurrently transmit with primary user. When the SD1 can not decode the packet transmitted by SU1 and SU2 can decode the packet correctly, the SU2 will participate in transmitting in next transmission round if the maximum allowable transmission round is not reached. The decode-and-forward (DF) protocol is considered throughout this paper. In this paper, we considered three ARQ protocols: Cooperative ARQ I Protocol, Cooperative ARQ II Protocol, and Direct ARQ Protocol, respectively.
The Direct ARQ protocol works as follows. First, the SU1 transmits its signal to its destination SD1 in the first time round. SD1 indicates success or failure of receiving the signal by feeding back a single bit of acknowledgement (ACK) or negative-acknowledgement (NACK). If an ACK is received or the transmission rounds reaches the maximum allowed number M, the system stops transmitting the current message and starts transmitting a new signal. Otherwise, if a NACK is received and the transmission rounds has not reached the maximum number M, SU1 retransmits it. When the maximum transmission rounds are reached, SD1 still can not decode the signal, an outage is declared.
The main difference between Direct ARQ protocol and Cooperative ARQ I Protocol is that when a NACK is fed back, we should take the SU2 into consideration. If SU2 decodes the signal correctly, then at the next transmission round, SU1 and SU2 should both transmit the signal to the destination SD1. Similarly, the main difference between Direct ARQ Protocol and Cooperative ARQ II Protocol is that when a NACK is fed back, we should also take the SU2 into consideration, If SU2 decodes the signal correctly, then at the next transmission round, the better node between SU1 and SU2 will be selected to retransmit. Basically speaking, if the channel between SU1 and SD1 is in deep fading, the Cooperative ARQ I Protocol and Cooperative ARQ II Protocol will reduce the rounds of retransmission greatly.
The channel between any node is assumed Rayleigh fading throughout this paper. h 0 , h 1 , h 2 , h 3 , h 4 , h 5 , h 6 denote the channels between SU1→ SD1, SU1→SU2, SU2→SD1, SU1→PD, SU2→PD, PT→SU2, PT→SD1, respectively. As such, the effective channel gains |h i | 2 , (i = 0, 1, · · ·, 6) follow the exponential distribution with parameters a i , (i = 0, 1, · · ·, 6). Therefore, the probability density function (PDF) and cumulative distribution function (CDF) of X , for
and
3. Performance Analysis
Direct ARQ Protocol
In this protocol, in order to satisfy the constraint of primary user, SU1 should control its transmit power. As such, the transmit power at SU1 is constrained as
where Q denotes the maximum allowable interference power of primary user. As such, the received signal-to-interference ratio (SIR) 2 can be written as
where P P denotes the transmit power of primary user. According to the definition of outage in ARQ protocol, the outage probability of Direct ARQ Protocol can be mathematically derived as
Therefore, the main task is to derive I 1 . I 1 can be derived as
In this paper, we defined a new metric -average transmission rounds to represent the goodness of the protocol. Table 1 3 presents the probability that after m-th 4 transmission round the SD1 decodes the signal successfully for Direct ARQ Protocol.
Transmission Round
Tab. 1. Probability of the considered system stop transmitting after m-th transmission round based on Direct ARQ Protocol.
As such, the average transmission rounds of Direct ARQ Protocol can be given as
Cooperative ARQ I Protocol
Due to coexistence of SU1 and SU2 in the retransmission stage, we divided the maximum interference power Q equally to SU1 and SU2 for simplicity of analysis. As such, the transmit power of SU1 and SU2 can be expressed as
As such, the received SIR at SD1 from SU1 and SU2 in the next transmission can be expressed as
We define {Tr = m} denoting the event that SU2 successfully decodes the signal during the m-th transmission round for any m = 1, 2, · · ·, M − 1. Specifically, {Tr = M} denotes the event that SU2 can not decode the signal in the first M − 1 rounds, which means that no matter SU2 decodes successfully or not at the M-th transmission round, it has no chance to help in forwarding the signal. Specifically, we define Pr(Outage|Tr = m) to represent the conditional probability that SD1 can not decode the signal after m rounds given the event {Tr = m} occurred. As such, the outage probability of the considered system after the maximum transmission round can be given as
Consequently, according to the definition of {Tr = m}(m < M), the probability of event {Tr = m} can be derived as (13) at the top of the following page.
The conditional outage probability Pr(Outage|Tr = m) can be derived as
The exact I 2 can be easily deduced from I 1 by substituting the parameters of I 1 with their respective counterparts. Therefore, the main focus is to derive I 3 . I 3 can be written as
For simplicity of representation, we set X =
. As such, PDF and CDF of them can be expressed as
respectively. As such, I 3 can be re-written as 
Similarly, the probability of the event that after m-th transmission round the SD1 decodes the signal successfully for Cooperative ARQ I Protocol is presented in Tab. 2. 
Tab. 2. Probability of the considered system stop transmitting after m-th transmission round based on Cooperative ARQ I Protocol.
As such, the average transmission rounds of Cooperative ARQ I Protocol can be given as 
Through cooperation from SU2, the additive access opportunities can be expressed as 
Cooperative ARQ II Protocol
Based on the Cooperative ARQ II Protocol, we find that the main difference between Cooperative ARQ II Protocol and Cooperative ARQ I Protocol is that when the SU2 can decode the signal correctly, the system selects the better node between SU1 and SU2 to retransmit. As such, if the following condition is satisfied, we will select SU2 to retransmit. Otherwise, the SU1 is selected.
Consequently, the main difference is I 3 when we derive the outage probability of the Cooperative ARQ II Protocol. I 3 will be replaced by I 6 which is defined as follows.
Therefore, I 6 can be mathematically derived as
The first part of I 7 and I 8 can be easily deduced from I 1 . Therefore, another part of I 7 can be derived as a 2 a 3 a 4 )du
According to [20 (6. 227.1)] and after some simple mathematical manipulations, we have
where θ = a 2 a 3 a 4 a 0
. Similarly, the probability of event that after m-th transmission round the SD1 decodes the signal successfully for Cooperative ARQ II Protocol is presented in Tab. 3.
Tab. 3. Probability of the considered system stop transmitting after m-th transmission round based on Cooperative ARQ II Protocol.
As such, the average transmission rounds of Cooperative ARQ II Protocol can be given as
Through Cooperative ARQ II Protocol, the additive access opportunities can be expressed as
Remarks: According the exact expression of the cooperation gain, we conclude that the Cooperative ARQ I Protocol and Cooperative ARQ II Protocol can achieve additive opportunities. Specifically, Cooperative ARQ II Protocol will use least energy consumption to achieve more spectrum access. However, Cooperative ARQ II Protocol needs information exchange between SU1 and SU2. 
Numerical Results
In this section, we provide some insight into the benefits of the proposed two ARQ-based protocols. Hereafter, we assume a 0 = 1, a 1 = 2, a 2 = 2, a 3 = 1, a 4 = 1, a 5 = 1, a 6 = 1. Fig. 2, Fig. 3, and Fig. 4 evaluate the impact of maximum allowable transmission rounds, transmit power of primary user and maximum allowable interference power of primary user on the outage performance of considered system, respectively. From Fig. 2 , we can observe that the outage probability will decrease when the maximum allowable transmission rounds increases. Obviously, the outage performance will deteriorate when transmit power of primary user increase. Similarly, the outage performance will improve when the maximum allowable interference power of primary user increases. From Fig. 2, Fig. 3, and Fig. 4 , we conclude that the best performance protocol among three protocols is Cooperative ARQ II Protocol. However, in Cooperative ARQ II Protocol, information exchange between SU1 and SU2 is needed. Specifically, the theory results and the Monte Carlo simulation results match perfectly, which validates the correctness of the analytical results. Fig. 5 and Fig. 6 evaluate the average transmission rounds and additive transmission rounds gain verse the maximum allowable transmission rounds. From Fig. 5 and Fig. 6 , we clearly deduce that the average transmission rounds will increase when the maximum allowable transmission rounds increases. Moreover, Fig. 6 indicates that the proposed two novel protocols can obtain some additive access opportunities by reducing the average transmission rounds of SU1 and SD1. Specifically, due to selecting the better node to transmit in retransmission stage, the energy consumption will also reduce. Fig. 7 and Fig. 8 show the relation between average transmission rounds and transmit power of primary user, additive transmission rounds gain and transmit power of primary user, respectively. We can conclude from Fig. 7 that the average transmission rounds will increase when the transmit power of primary user increases. Interestingly, from Fig. 8 , we find that the additive transmission gain is high in medium region, and low in low and high transmit power region. This can be explained as follows. When the transmit power of the primary user is in low region, SD1 will decode the signal correctly in high probability. As such, even SU2 can decode the signal successfully, it may have little cooperation opportunity in this area. In the high transmit power region, SD1 and SU2 can not decode the signal correctly with high probability. Therefore, SU2 may have no ability to forward the signal in high probability. Fig. 9 and Fig. 10 depict the impacts of maximum allowable interference power of primary user on the average transmission rounds and additive transmission rounds gain, respectively. Contrary to the Fig. 7 and Fig. 8 , the average transmission rounds will decrease when the maximum allowable interference power of primary user increases. Similarly, the additive transmission rounds gain is high in medium region of Q, and low in low and high of Q. This can be explained as follows. When the maximum allowable interference power of primary user is low, the SD1 and SU2 can not decode the signal in high probability. As a result, the SU2 has no ability to forward the signal in the retransmission stage. In high region, SD1 can decode the signal successfully in high probability. As such, it needs less help from SU1 in each transmission.
Conclusion
In this paper, we have proposed two novel ARQ-based protocols to achieve additive access opportunities in cognitive decode-and-forward relay networks. First, we have derived the closed-form outage probability expressions of the proposed protocols which provide an efficient means to evaluate the impacts of several parameters. Moreover, we define a new metric to evaluate the improvement of cooperative ARQ protocols. We can observe that, via cooperating with SU2, the outage performance and average transmission rounds can be improved greatly. As such, SU2 can obtain some access opportunities by reducing the transmission rounds of SU1. We also find that Cooperative ARQ II Protocol performs better than Cooperative ARQ I Protocol. However, there exists information exchange in Cooperative ARQ II Protocol. Finally, numerical simulation results were presented to validate the correctness of the proposed protocols.
